Abstract. Rindera umbellata (Waldst. & Kit.) Bunge is a rare, critically endangered and horticulturally appealing plant with unexplored pharmaceutical potential. Its distribution is restricted to sandy habitats, whereas propagation in nature is limited by fungal infections of the seeds. To initiate its ex situ conservation and provide material for metabolomic studies, we have introduced R. umbellata into in vitro culture using immature embryos as primary explants. A 72% of the embryos germinated on growth regulator-free medium. The optimization of growth conditions was based on varying carbohydrates (sucrose, glucose, and fructose) in the medium. In vitro growth and development of R. umbellata plants were significantly affected by both the type and concentration of the applied sugars. For most recorded parameters, including leaf elongation, biomass production, rooting percentage, and the number and length of roots, 0.1 M sucrose was optimal. The highest percentage of explants with developed buds was achieved on 0.06 M sucrose (38.77%) or 0.3 M glucose (27.43%). The plantlets obtained on 0.1 M sucrose were successfully acclimatized to greenhouse and field conditions with survival rates of 71.43% and 42.86%, respectively. To our best knowledge, this is the first publication dedicated to this species.
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Rindera umbellata (Waldst. & Kit.) Bunge, also known as Mattia umbellata (Waldst. & Kit.) Schult. or Cynoglossum umbellatum (Waldst. & Kit.), belongs to the Boraginaceae family and is a biennial to perennial herbaceous plant. Numerous hairy leaves are set in a rosette (Fig. 1A) . During flowering, ribbed and hairy stems may grow up to 60 cm in height, to be crowned with beautiful inflorescences with bronze, amber, or apricot flowers ( Fig. 1A-B) . Being a psammophyte, R. umbellata distribution is limited to sandy habitats. In Serbia, R. umbellata is found in Deliblato and Kladovo Sands, specifically in Chrysopogonetum pannonicum plant association. As a naturally rare and critically endangered species, R. umbellata is under State Protection Legislation (Diklić et al., 1999) . Propagation of R. umbellata in nature is limited by fungal infections and insufficient seed maturity (Ljaljević Grbić et al., 2005) . A literature search revealed no publications dedicated to this rare, endangered and horticulturally appealing species with unexplored pharmaceutical potential. Nothing is known about R. umbellata secondary metabolites, but many related Boraginaceae species produce valued pharmaceuticals (Papageorgiou et al., 2008) .
It is well known that plants grown in vitro have reduced photosynthetic activity as a result of low light intensity, limited gas exchange, and high relative humidity, so carbohydrates are a necessary component of culture media (Kozai, 1991; Murashige and Skoog, 1962) . However, carbohydrates are not only a fuel for plant growth, but also regulatory and signaling molecules that control plant development from germination and vegetative growth to reproductive development and seed formation (Mohamed and Alsadon, 2010; Rolland et al., 2006; Smeekens, 2000; Todorović et al., 2006) . Sugars are also osmotic agents that regulate the uptake of other medium constituents and consequently the course of in vitro culture (Nowak et al., 2004; Sghaier et al., 2009) . Although common sugars are readily interconvertible in plant cells, the nutritional requirements nevertheless vary among plant species. Among carbohydrates used for in vitro cultures, sucrose is the most common, but for some species, other sugars are more suitable. Glucose proved to be a better carbon source for in vitro development of Nepeta rtanjensis (Mišić et al., 2005) as well as for tissue cultures of some woody plants, including Corylus avelana (Yu and Reed, 1993) , Quercus suber (Romano et al., 1995) , and Prunus mume (Harada and Murai, 1996) . Compared with sucrose, glucose and fructose are better carbon sources for two Fagus species (Cuenca and Vieitez, 2000) . In some cases fructose proved to be more efficient than other carbohydrates (Welander et al., 1989) . Thus, the optimization of a protocol for in vitro propagation of an unexplored plant species inevitably includes variations of carbohydrate components in the growth medium.
We present the introduction of R. umbellata into tissue culture and optimization of the protocol for its in vitro growth and organogenesis by varying carbohydrate source (sucrose, glucose, and fructose) and concentration in the medium followed by a protocol for acclimatization to greenhouse and field conditions. In vitro propagation of R. umbellata would be a solution not only for its protection by ex situ conservation, but also to obtain material for planned metabolomic analyses.
Materials and Methods
Plant material and the establishment of in vitro cultures. R. umbellata embryos excised from immature seeds were used as primary explants for the establishment of in vitro cultures. The seeds were collected from a single plant, found in a small population in Deliblato Sands, in June 2006 (Fig. 1A) . The seeds were rinsed in tap water for 30 min, surface-sterilized for 5 to 10 min in 50% commercial bleach, and then rinsed five times in sterile water. The embryos were germinated on basal medium containing Murashige and Skoog (MS) salts and vitamins (Murashige and Skoog, 1962) , 3% sucrose, and 0.7% agar. For further development, 10-d-old seedlings were transferred to erlenmeyer flasks with the same medium. To support the formation of adventitious buds, stem explants were placed on solid MS medium containing 0.1 M sucrose, 1 mgÁL -1 6-benzylaminopurine (BAP) and 0.5 mgÁL -1 indole-3-acetic acid (IAA). The obtained adventitious buds were used for further propagation on the same medium. Before autoclaving the media (25 min at 114°C), the pH was adjusted to 5.8. For all experiments the plant cultures were grown in a growth room under a 16/8-h (day/night) photoperiod under a photon flux rate of 32.5 mmolÁm -2
Ás
-1 at the level of the samples at 25 ± 2°C.
Experimental design. To study the influence of the carbohydrate source on R. umbellata growth and morphogenesis, single 1-cm long stem explants without leaves, obtained from adventitious buds, were used. The stem explants were transferred to MS medium supplied with different concentrations of sucrose, fructose, or glucose ranging from 0.003 to 1 M. Parameters such as number and length of leaves, number of adventitious buds, fresh and dry weight, percentage of rooting, and number and length of the developed roots were recorded after 4 weeks. All experiments were repeated three times with 30 explants each. Acclimatization of plantlets to greenhouse and field conditions. The rooted 4-week-old plants that were previously cultured on solid MS were transferred to the greenhouse for acclimatization. Before they were potted in the soil, the plantlets were washed to remove the adhering medium. The soil mixture contained 70% earthworm compost and 30% quartz sand. Pots were initially shielded with glass covers to maintain the plants at high humidity. The plantlets were acclimatized by gradually opening the covers. After 2 weeks they were completely uncovered and hardened to the greenhouse conditions. Plants were grown under long-day conditions at 25 ± 5°C temperature and 70% to 90% relative humidity. The success of the acclimatization, e.g., the percentage of survival, was recorded 2 months after the transfer of plants to the soil. Two-month-old plants were transferred from the greenhouse to the field in the spring and the survival rate was recorded after 1 year.
Statistical analysis. The significance of differences among the treatments was determined by analysis of variance using STATGRAPHICS software, Version 4.2 (STSC, Inc. and Statistical Graphics Corporation, Orem, UT). Means were compared using the least significant difference multiple range test at a significance level of P < 0.05. The data are presented as means of pooled results of at least three experiments. The data presented in percentages were subjected to arcsine transformation before the analysis and then converted back to percentages for presentation in a table.
Results and Discussion
Establishment of in vitro culture from immature embryos. Embryo culture has been used since the early 1940s to understand the physical and nutritional requirements for embryonic development, to bypass seed dormancy, shorten the breeding cycle, test seed viability, provide material for micropropagation, and rescue immature hybrid embryos from incompatible crosses (Hu and Wang, 1986) . In this study the immature R. umbellata embryos were used to prevent the loss of seed viability caused by fungal infections. Mycological inspection of the seeds (Fig. 1C) revealed the presence of the destructive pathogen Bipolaris sorokiniana (Ljaljević Grbić et al., 2005) . The in vitro culture of immature embryos was established on hormone-free MS medium, where 72% of the embryos germinated. Large green cotyledons as well as small hypocotyls and roots developed within 7 d on transfer to MS (Fig. 1D) . The formed seedlings grew well on MS medium. When the stem explants were placed on MS supplemented with 1 mgÁL -1 BAP and 0.5 mgÁL
IAA, all of them formed adventitious buds (the frequency of bud formation was 100%; Table 1 ) with an average of 5.14 buds per explant as recorded after 4 weeks (Fig. 1E) . Effects of carbon source on in vitro growth and organogenesis of R. umbellata. Speciesspecific carbon source preferences have been determined for a number of culture systems (Cuenca and Vieitez, 2000; Harada and Murai, 1996; Mišić et al., 2005; Romano et al., 1995; Welander at al., 1989; Yu and Reed, 1993) . It was found that different patterns of morphogenesis were attributable to the type of carbohydrate and its concentration (Millam et al., 1992; Mukherjee et al., 1991; Ślesak et al., 2004) . In vitro growth and development of R. umbellata plants were significantly affected by both the type and concentration of the applied sugars. The number of adventitious buds appearing on stem explants cultured on media 0 a 0 a 0 a / The data presented are the means of percentage of explants forming adventitious buds ± SE (50 explants per treatment, repeated three times, n = 150). The growth regulators BAP and IAA were used only in the phase of culture establishment in combination with 0.1 M sucrose. Values within each column followed by different letters are significantly different at the P < 0.05 level according to the least significant difference test. BAP = 6-benzylaminopurine; IAA = indole-3-acetacid.
with different sugar concentrations, but in the absence of growth regulators, was low in comparison with organogenesis on MS with 1 mgÁL -1 BAP and 0.5 mgÁL -1 IAA used for culture establishment, where each explant formed adventitious buds. The highest percentage of explants with developed buds was achieved on 0.06 M sucrose (38.77%) or 0.3 M glucose (27.43%; Table 1 ).
Varying carbohydrate content of the medium had little effect on the number of leaves in a rosette, except that the highest concentration of any sugar was inhibitory (Fig. 2B) . However, increasing concentrations of sugars significantly promoted leaf elongation with sucrose being the most effective ( Fig. 2A) . Rosettes growing on 0.1 M sucrose had the longest leaves (37 mm), whereas the optimal concentration of hexoses for leaf elongation was 0.06 M (Fig. 2B) . The fresh and dry weight of R. umbellata rosettes (Fig. 1G) were also positively correlated with increasing concentrations of sugars up to 0.1 M, but at higher concentrations, the biomass production was reduced (Fig. 3A-B) . The sucrose-containing media were superior to those with hexoses. The optimal sucrose concentration of 0.1 M resulted in fresh weight increase of 0.21 g as recorded after 4 weeks.
The highest percentage of explants with roots (65%) was recorded for a medium supplemented with 0.1 M sucrose, whereas fructose and glucose were less effective, supporting up to 30.83% and 22.5% rooting, respectively (Fig. 4A) . The length and the number of the roots were highest on sucrose and lowest on glucose-supplemented media (Fig. 4B-C) . The optimal sucrose concentration for both parameters was 0.1 M. The majority of the roots were formed after 3 weeks (data not shown). A rooted plantlet is shown in Figure 1F .
The capacity of a plant tissue or an explant to use specific carbohydrates depends on its absorbing ability and metabolic competence (Mezzetti et al., 1991) , whereas the optimal sugar concentration is determined by basic carbon/energy requirements at lower concentrations and osmotic stress imposed by higher concentrations. For all of the observed processes or parameters, sucrose (0.1 M) proved to be the best carbon source, whereas glucose was more effective than fructose for most recorded parameters, except for rooting. Concentrations of sucrose over 0.1 M (or over 0.06 M for hexoses) imposed an osmotic stress as judged by comparison of dry to fresh weight of the rosettes (Fig. 3C) . The fact that R. umbellata explants survived and grew on any of the offered sugars means that the explant tissues are metabolically competent to use them efficiently. Although all sugars (at equimolar concentrations) have equal osmotic contributions to the medium, sucrose has higher caloric value in comparison with hexoses, which explains why it is preferred as a carbon source for R. umbellata growth.
Acclimatization to greenhouse and field conditions. The 4-week-old and well-rooted R. umbellata plantlets, obtained on medium with 0.1 M sucrose, were transferred to the soil. Their acclimatization to the greenhouse conditions was successful with a survival rate of 100% after 2 weeks and 71.43% after 2 months, so the critical step for ex vitro survival and preservation of this endangered species has been efficiently overcome. The acclimatized plants were normal without any morphological abnormalities or variations (Fig. 1H) . Supplementation of sugars to culture media helps in the maintenance of osmotic potential of the cells and conservation of water (Hazarika, 2003) , which is important for ex vitro settlement of the plants (Van Huylenbroeck et al., 2000) . Exogenous supply of sugars increases starch and sucrose reserves in in vitro-growing plants that could favor ex vitro acclimatization and speed up the physiological adaptations (Posp ıšilová et al., 1999) . Langford and Wainwright (1987) found that sucrose supplied at a concentration of 3% (%0.1 M) in the medium increased the photosynthetic ability, thereby improving survival of rose plantlets. Additionally, Jo et al. (2009) have demonstrated that in vitro preconditioning of Alocasia amazonica plantlets with 3% sucrose is advantageous for ex vitro survival and acclimatization. Thus, the successful acclimatization of the sucrose-treated R. umbellata plantlets to the greenhouse conditions is in accordance with the literature data. The acclimatized plants were then successfully transferred to the field (Fig. 1I) , where 42.86% of the plants survived after 1 year.
In conclusion, an efficient protocol has been developed for in vitro growth of R. umbellata by germination of immature embryos and induction of multiple adventitious buds by growth regulators completed with a high-frequency rooting and acclimatization protocol. This plant regeneration system could be useful for conservation programs to preserve this critically endangered species. Moreover, obtaining enough genetically uniform plant material under controlled growth conditions may be valuable for pharmacological and metabolomic studies. 
